Cx32 is a major gap junction protein of the liver and is often aberrantly expressed in liver tumours. We have studied mutation of the Cx32 gene during chemically induced hepatocarcinogenesis. DNA from 12 rat liver tumours induced by diethylnitrosamine or N-ethy\-Nhydroxyethylnitrosamine (EHEN) was analysed by the PCR/SSCP method. One tumour induced by EHEN harboured a G->A transition mutation at codon 220, substituting His for Arg. When the mutant DNA was transfected into HeLa cells, which are deficient in gap junctional intercellular communication (GJIC), GJIC recovered, as in HeLa cells transfected with the wild-type Cx32 gene. Moreover, GJIC was modulated by cAMP, 12-O-tetradecanoylphorbol-13-acetate and lysophosphatidic acid similarly in mutant and wild-type Cx32 transfectants. These results suggest that Cx32 gene mutations are rarely involved in rat hepatocarcinogenesis and that the mutation found in a tumour may be functionally silent.
Gap junctional intercellular communication (GJIC*) is considered to play a crucial role in maintaining tissue integrity by connecting neighbouring cells and transferring low molecular weight factors among them (1,2). In most cancer cells, homologous (among themselves) and/or heterologous (with surrounding normal cells) GJIC is defective (3) . It has been shown that GJIC changes progressively during chemically induced rat hepatocarcinogenesis (4) . In the liver, connexin (Cx) 26 and Cx32 are considered to be major components of gap junctions (1,2). The mRNA levels of these two genes have been shown to be altered during rat liver carcinogenesis (5) (6) (7) . In human hepatocellular carcinomas levels of Cx32 gene and Cx32 protein expression were similar to those in surrounding non-cancerous lesions, but Cx32 proteins were located cytoplasmically, rather than at plasma membranes (8) .
Recent studies have revealed that the connexin genes form a family of tumour suppressor genes; transfection of various connexin genes into GJIC-deficient tumorigenic cell lines not only restored their GJIC but also decreased growth in vitro and in vivo (9-11). Our own results suggest that the tumour suppression effect is stronger if the connexin gene species transfected is one that is endogenously expressed in the tissue
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© Oxford University Press of origin of the tumour cells used (12) . Since most other tumour suppressor genes are often mutated in tumours, we have studied whether the Cx32 gene, a major connexin species expressed in hepatocytes, is also mutated in rat liver tumours.
Rat liver tumours were induced either by diethylnitrosamine (DEN) (200 mg/kg i.p.) or by /V-ethyl-A'-hydroxyethylnitrosamine (EHEN) (0.1 % in drinking water). The tumour samples used, which were selected in advance with an abnormality in either expression or subcellular localization, are summarized in Table I , together with the data on expression and distribution of Cx32 as revealed by immunohistological analysis (8) . Immunohistological analysis of Cx32 in representative samples is shown in Figure 1 . Only one out of 12 samples gave a normal pattern of gap junctions composed of Cx32 proteins, while all others showed reduced expression or aberrant localization; nuclear or cytoplasmic. In order to search for Cx32 gene mutations, we analysed DNAs of these tumour samples by the PCR/SSCP method. Tumour lesions in each liver were microscopically marked and isolated in order to minimize contamination of surrounding normal tissue. Extracted genomic DNAs were applied to PCR/SSCP using 13 pairs of primers which covered the whole coding region, part of the upstream regulatory region, the whole of exon 1 and part of intron 1, with each fragment partly overlapping (13,14; Figure 2 ). When sample 11 and its non-tumorous part were analysed with the primer pair encompassing the cytoplasmic C-terminal region, an abnormal pattern was seen ( Figure 3a ). The abnormal band was cleaved from the SSCP gel along with a normal band and the extracted fragments were cloned into the pT7Blue T vector after a second PCR amplification. When 10 clones each of abnormal and normal bands were sequenced, a G-»A mutation was found at the second base of codon 220, resulting in a missense mutation (Arg-»His) ( Figure 3b ). No differences were seen among the 10 clones from the same band, proving that this mutation was not due to low fidelity of incorporation provided by Taq DNA polymerase.
As indicated in Table I , sample 11, in which the mutation was found, showed nuclear localization of Cx32 (Figure 1 ). The mutation found at codon 220 (Arg-^His) may be responsible for this abnormal localization. To characterize the behaviour of this mutated form, the same mutation was introduced into rat Cx32 cDNA by site-directed mutagenesis. The wild-type and mutant Cx32 DNAs were inserted into the pRc/RSV vector and then transfected into HeLa cells, which show no detectable connexins; the vector only was also transfected as control. More than 10 G418-resistant independent stable clones were established for each transfectant and their cell-cell communication capacity was examined by Lucifer Yellow dye transfer assay. As shown in Table II concluded that the missense mutation of codon 220 (Arg->His) does not affect the ability of Cx32 to establish GJIC in HeLa cells. The missense mutation found in Cx32 in a rat liver tumour is located in the cytoplasmic tail of the protein. Since this tail is considered to be involved in regulation of connexin function in response to signal transduction in other connexins, such as Cx43 (15), it is possible that the mutant Cx32 responds differentially to some such factors. Since GJIC has been shown to be modulated by modulators of cAMP-dependent kinase, protein kinase C and MAP kinase (16) (17) (18) (19) , we examined the GJs in plasma membrane GJs in plasma membrane GJs in plasma membrane GJs in plasma membrane GJs in plasma membrane Plasma membrane but not in GJs°G Js in plasma membrane Plasma membrane but not in GJs" Only in nuclear membrane Intracytoplasmically Only in nuclear membrane Nculear membrane and few GJs°C x32 was mostly in parts of the plasma membrane free from intercellular contacts with opposed cancer cells within trabecules.
•Tumour with mutated Cx32, as descnbed. effects of 12-0-tetradecanoylphorbol-13-acetate (TPA), cAMP and lysophosphatidic acid (LPA) on GJIC of HeLa cells transfected with the mutant or wild-type Cx32 gene. As expected, TPA and LPA inhibited GJIC, while 8-bromo-cAMP stimulated it in wild-type C.\32 transfectants. Very similar results were obtained with the mutant Cx32 transfectants (Table  II) . These results suggest that the missense mutant Cx32 gene found in a rat liver tumour behaves similarly to the wild-type Cx32 gene in these respects, which, in turn, suggests that this mutation is not functional. However, further study of this mutation is required to ascertain whether it contributed to malignant transformation of the liver. For this purpose HeLa cells are not adequate tools because CcJ2-transfected HeLa cells retain their tumorigenic character (unpublished data). To our knowledge, this is the first connexin gene mutation found in a primary tumour sample. It is possible that the G-»A transition was directly induced by EHEN, since this carcinogen is known to induce formation of promutagenic C^-ethylguanine, which may cause the G-»A transition. It has been reported that mutated Cx37 proteins are expressed in a highly metastatic clone of the murine Lewis lung carcinoma cell line (20) . We have recently screened primary human liver and stomach cancers for the presence of Cx32 gene mutations, but failed to find any (8, 21) .
Connexin gene mutations have been detected in two human genetic diseases. Cx32 gene mutations appear to be responsible for X-linked Charcot-Marie-Tooth syndrome (22) (23) (24) and Cx43 gene mutation is associated with some types of hereditary heterotaxia (25) . The Cx32 mutants found in Charcot-MarieTooth patients failed to restore GJIC when transfected into Xenopus oocytes or HeLa cells (26, 27) . In addition, some of these mutants down-regulated the function of normal Cx32 proteins in a dominant-negative fashion (27) , suggesting that mutations are powerful mechanisms for disruption of GJIC.
One reason why Cx32 gene mutations do not occur frequently in tumours may be related to the fact that this gene is located on the X-chromosome. No frequent loss of heterozygosity of the X-chromosome has been found in any type of tumour. We are thus presently examining possible mutations of other connexin gene species.
